Additional index words. native plants, prairie plants, sustainable agriculture, replant disease, Fragaria ·ananassa Abstract. Yield of strawberry grown continuously on the same site often declines over time as a result of proliferation of weed seeds and pathogenic organisms in the soil. Plots were established and maintained in seven different cover crops and as continuous strawberry or continuous tillage for 10 years (1996 to 2005) in a site that was previously in strawberry production for 10 years (1986 to 1995). Cover crops included blackeyed Susan (Rudbeckia hirta L.), sorghum Sudangrass [Sorghum bicolor (L.) Moench], marigold (Tagetes erecta L.), big bluestem (Andropogon gerardii Vitman), perennial ryegrass (Lolium perenne L.), switchgrass (Panicum virgatum L.), and Indiangrass [Sorghastrum nutans (L.) Nash]. Treatments were ended in 2005 and plots were planted with 'Honeoye' strawberry in a matted row. Effectiveness of soil pretreatments in reducing weed populations and enhancing strawberry production was evaluated for four growing seasons by quantifying weed growth by type and biomass and strawberry plant density and yield. The results indicate that matted-row strawberry production plots that were either in continuous tillage or established in S. bicolor, P. virgatum, or A. gerardii before planting strawberry had lower weed biomass and greater strawberry plant establishment and yield than plots established in L. perenne or R. hirta or that had supported continuous strawberry production.
Abstract. Yield of strawberry grown continuously on the same site often declines over time as a result of proliferation of weed seeds and pathogenic organisms in the soil. Plots were established and maintained in seven different cover crops and as continuous strawberry or continuous tillage for 10 years (1996 to 2005) in a site that was previously in strawberry production for 10 years (1986 to 1995) . Cover crops included blackeyed Susan (Rudbeckia hirta L.), sorghum Sudangrass [Sorghum bicolor (L.) Moench], marigold (Tagetes erecta L.), big bluestem (Andropogon gerardii Vitman), perennial ryegrass (Lolium perenne L.), switchgrass (Panicum virgatum L.), and Indiangrass [Sorghastrum nutans (L.) Nash]. Treatments were ended in 2005 and plots were planted with 'Honeoye' strawberry in a matted row. Effectiveness of soil pretreatments in reducing weed populations and enhancing strawberry production was evaluated for four growing seasons by quantifying weed growth by type and biomass and strawberry plant density and yield. The results indicate that matted-row strawberry production plots that were either in continuous tillage or established in S. bicolor, P. virgatum, or A. gerardii before planting strawberry had lower weed biomass and greater strawberry plant establishment and yield than plots established in L. perenne or R. hirta or that had supported continuous strawberry production.
Continuous strawberry production on the same site causes proliferation of weeds and accumulation of pathogens in the soil and subsequently decreases strawberry yield (LaMondia et al., 2002; Pritts and Handley, 1998) . Continuous tillage to remove weeds breaks down soil particle size and causes compaction, consequently reducing crop vigor (Katsvairo et al., 2002; Kremer and Li, 2003) . Cover crops grown before planting perennial fruit crops can alleviate the build up of weeds and pathogens in the soil (LaMondia et al., 2002; Merwin and Stiles, 1989; Seigies and Pritts, 2006; Shanks and Chamberlain, 1993) and can maintain soil structure (Nonnecke and Pritts, 2005) . Chemical inputs such as methyl bromide have been used in strawberry production to reduce the impact of weeds and pathogens since the 1960s. However, under the Montreal Protocol and U.S. Clean Air Act, use of methyl bromide is restricted (EPA, 2011; Schneider et al., 2003) . In strawberry production, weed control is difficult because not all weed species are controlled by labeled herbicides (Pritts and Handley, 1998) . Growers can use pre-emergent herbicides to prevent weed seed growth and selective postemergent herbicides to control monocot weeds throughout the season. Controlling dicot weeds with postemergent herbicides is primarily limited to the time of renovation (Bordelon et al., 2006) . Alternative management practices are needed to reduce the impact of weeds and pathogens during strawberry production, and rotation with cover crops is a possible alternative.
Implementing cover crops before establishing a fruit crop has lowered weed and pathogenic organism populations in the soil and affected yield with differing results based on the cover crop grown. McKeown et al. (1994) showed that areas planted with P. virgatum, A. gerardii, S. nutans, and R. hirta had low counts of pathogenic nematodes in soil. Seigies and Pritts (2006) found similar results of reduced nematode populations and greater yield of strawberry in pots containing soil residue of P. virgatum, S. nutans, and R. hirta compared with fumigation or bare fallow soil. Ecosystems of prairie plants (polyculture) can reduce weed growth compared with tillage or continuous cropping (Kremer and Li, 2003) . Sorghum bicolor rotated with strawberry showed low counts of weeds and pathogenic nematodes and fungi (Elmer, 1999; Kratochvil et al., 2004; LaMondia et al., 2002; McSorley and Gallaher, 1993) . Tagetes erecta 'Crackerjack' incorporated into the soil releases biochemicals that can reduce pathogenic nematodes (BallCoelho et al., 2003; Merwin and Stiles, 1989; Reynolds et al., 2000; Topp et al., 1998) . Planting L. perenne between strawberry rows reduced strawberry yield compared with plots that were continuously tilled (Shanks and Chamberlain, 1993) , but the effects of L. perenne as a cover crop grown before strawberry are unknown. Seigies and Pritts (2006) showed increased yield of strawberries grown in pots of field soil incorporated with T. erecta compared with field soil that had been fumigated or was kept bare. They also showed an increased growth of strawberry and decreased weeds and pathogens in greenhouse potted strawberry when 1-year growth of monoculture prairie grasses was incorporated into field soil.
Five years or more without strawberry production on the same site is recommended to reduce soilborne pathogens in the Midwest without fumigation (Ellis et al., 2004) . A limitation of using rotation cover crops as a management technique is the length of time that the area is unavailable for strawberry production. However, cover crop seeds from prairie plants and open-pollinated flowers can be harvested and sold as an alternative crop (Dinnes et al., 2002) . Other cover crops can be established as forages or bedding intended for animal husbandry or as a crop for a biofuel energy source (Gibson and Barnhart, 2007) .
Our experiment builds on previous research by providing a field study with longterm cover crops grown before strawberry to mitigate weeds and increase strawberry yield. The objectives of this study were to 1) evaluate weed populations by type and biomass; and 2) compare plant density and strawberry yield in plots after long-term continuous tillage, continuous strawberry, or growth with monoculture covers of P. virgatum, A. gerardii, L. perenne, S. nutans, R. hirta, S. bicolor, and T. erecta. Our hypothesis was plots established in cover crops or plots of continuous tillage would reduce weed populations and have greater strawberry plant density and yield compared with plots of continuous strawberry production.
Materials and Methods
The experiment was conducted from 1996 to 2008 at the Iowa State University (ISU) Horticulture Research Station (lat. 42°06#30$ N; long. 93°35#08$ W). Soil was a Clarion loam with a 2% to 9% slope and categorized as a mixed mesic Typic Hapludoll with moderate drainage and high water-holding capacity (USDA, 1984) . Initial soil samples before treatment establishment (in 1996) showed a pH of 6.4 and 2.8% organic matter in the site where strawberry plants were continuously grown in a matted-row system from 1986 to 1995.
Treatment plots were established 22 May 1996 in a randomized complete block design with three replications of nine plots that were 6.1 m · 6.1 m. Plots of R. hirta, P. virgatum, and S. nutans were seeded at 11.98 kgÁha -1 (Ion Exchange, Harper's Ferry, IA). Plots of T. erecta 'Crackerjack' were seeded at 5.68 kgÁha -1 (Stokes Seed, Fredonia, NY). Plots of S. bicolor 'Honey pasture' were seeded at 11.35 kgÁha -1 (Sexauer Company, Brookings, SD). Plots of L. perenne were seeded at 34.05 kgÁha -1 (Sexauer Company). Plugs of A. gerardii were started in a greenhouse and planted in Summer 1996 because plots did not establish by seeding. Plots of A. gerardii, P. virgatum, S. nutans, and L. perenne were allowed to grow as perennials. Rudbeckia hirta was overseeded annually but not tilled. (Bordelon et al., 2006) , leaf removal, narrowing of matted rows to 30.5 cm, and tilling areas between the narrowed matted row according to methods from Pritts and Handley (1998) . All treatment plots were fertilized in 2005, 2006 , and 2007 at 56 kgÁha -1 of nitrogen (N) in the first 2 weeks of July (after renovation) and at 34 kgÁha -1 of N in the last 2 weeks of August by hand over the strawberry rows.
Type and biomass of weeds were collected 6 June, 1 July, and 9 Aug. 2005; 19 May and 30 Aug. 2006; and 21 May and 26 Aug. 2007 . Monocot and dicot weeds were collected separately from three random 50 cm · 50-cm quadrats placed over the strawberry row within each plot. Roots were discarded, and shoots were dried for 72 h at 67°C. Weeds not collected for observations were killed within 1 week by tillage or spot treatment with herbicide [glyphosate, N-(phosphonomethyl)glycine] applied with a hand wick applicator and then pre-emergent herbicide was applied (DCPA, dimethyl tetrachloroterephthalate) (Bordelon et al., 2006) .
Strawberry plants for sampling of rootlesion nematodes were collected 25 Oct. 2005 , 30 Oct. 2006 , and 17 Nov. 2007 . Nematode populations were determined by harvesting three random strawberry plants from each plot. Nematodes were extracted from washed roots placed into a 125-mL flask containing 50 mL of streptomycin sulfate-mercuric chloride extraction solution and shaken for 96 h (Charlson and Tylka, 2003) . Lesion nematodes were enumerated with a dissecting microscope as number per dry gram of root biomass.
Initial Fruits were harvested, counted, and weighed from three areas that were 0.66 m · 1.66 m within the row in each plot. Fungicide (Captan, N-trichloromethyltio-4-cyclohexene-1,2-dicarboximide) was applied at 5% and 50% bloom on all plots (Bordelon et al., 2006) . Data were analyzed using general linear model (PROC GLM) of SAS 9.1 (SAS Institute, 2002 to determine analysis of variance for tests of significance, and means were separated using Fisher's protected least significant difference test (P # 0.05).
Results and Discussion
Rotation with cover crops and continuous cultivation before planting strawberry generally reduced weed populations and increased strawberry plant density and yield compared with continuous strawberry in these field studies (Tables 1-4) . Strawberry plants grown continuously in the same plots and on the same site exhibited low strawberry plant density and fruit yield and high weed populations. These results were consistent with previous research (Pritts and Handley, 1998; Seigies and Pritts, 2006) .
Analysis of variance showed significant treatment · time interactions for all variables. Therefore, data were analyzed separately by month for monocot and dicot weed biomass in each year and by year for strawberry plant density and yield.
Weeds in the spring (May and June in the Midwest) reduce plant and fruit growth, pollinator activity, ease of fruit harvest, and customer satisfaction where customers pick their own berries (Ellis et al., 2004) . In August, competition from weeds reduces plant growth and the development of flowers for the next year's yield in short-day strawberry cultivars.
The most commonly occurring monocot weeds in plots in 2005 through 2007 during strawberry establishment and production were giant foxtail (Setaria faberi Herrm.), common oat (Avena sativa L.), large crabgrass [Digitaria sanguinalis (L.) Scop.], quackgrass [Elymus repens (L.) Gould], and orchardgrass (Dactylis glomerata L.). The most common dicot weeds in the same plots and time were Biomass of monocot weeds generally was lower in spring (May and June) in plots of continuous tillage or rotated with S. bicolor, T. erecta, and S. nutans (Table 1) . Plots rotated with L. perenne and R. hirta generally had greater biomass of monocot weeds in the spring. In August, monocot weed biomass generally was higher in continuous strawberry and lower in continuous tillage.
Dicot weed biomass generally was lowest in continuous tillage and plots rotated with A. gerardii, T. erecta, S. bicolor, and S. nutans in the spring, which is consistent with the results of Kremer and Li (2003) that showed prairie ecosystems had reduced weed populations (Table 2) . Biomass of dicot weeds in August generally was lower in continuous tillage and plots rotated with R. hirta, T. erecta, S. bicolor, A. gerardii, and P. virgatum but greater in continuous strawberry and plots rotated with L. perenne. Strawberry plots rotated with S. bicolor showed results similar to those of LaMondia et al. (2002) who reported reduced total weed populations in strawberry. Reduced weed biomass found in continuously tilled plots or plots rotated with S. bicolor or T. erecta that were tilled annually for seeding suggests a reduction of the weed seed bank in the soil. Panicum virgatum, a perennial, covers the soil surface and reduces weed seed germination and growth. Plots rotated with L. perenne and those in continuous strawberry had high dicot weed biomass over all years in this study. High dicot weed pressure creates challenges to strawberry producers who have limited resources, insufficient time, and ineffective herbicides to control dicot weeds (Pritts and Handley, 1998) .
Average lesion nematode counts were below 10 per g of dry root biomass for all treatments from all 3 years. Low lesion nematode counts were found in plots rotated with A. gerardii, P. virgatum, S. nutans, and R. hirta, similar to those reported by McKeown et al. (1994) . However, plots of continuous strawberry also showed low counts of lesion nematodes. We conclude that populations of lesion nematodes in the test area were too low to determine if the treatments influenced their control and were not considered detrimental to the strawberry plants in this study.
In 2005, 2006, and 2007 , strawberry plant density was lower in plots of continuous strawberry and in plots rotated with L. perenne than in plots rotated with S. bicolor or T. erecta (Table 3 ). In July 2005, strawberry transplant mortality was 24% and 11% in plots rotated with L. perenne and R. hirta, respectively, whereas all other plots incurred less than 1% strawberry transplant mortality. Young dying plants showed symptoms of wilting, necrosis of oldest leaves, and meristem death. Disease symptoms were diagnosed visually by ISU pathologists as symptomatic of verticillium wilt (Verticillium spp.) (Maas, 1998) . Results of high transplant fatality in plots rotated with L. perenne are consistent with the observations by Shanks and Chamberlain (1993) who showed that L. perenne adversely affects strawberry growth. It is unknown if soilborne diseases increase in strawberry production when residues of L. perenne are present.
Yield of strawberry generally was highest in the plots rotated with S. bicolor and P. virgatum and lowest in plots of continuous strawberry and plots rotated with L. perenne and R. hirta (Table 4 ). Higher yields of strawberry in plots rotated with P. virgatum are similar to the findings of Seigies and Pritts (2006) in pot-culture studies of strawberry.
Plots of continuous tillage or rotated with S. bicolor, P. virgatum, and A. gerardii had reduced weeds, which coincided with greater plant establishment and yield of strawberry compared with plots rotated with L. perenne and R. hirta or to plots in continuous strawberry production. Although continuous tillage reduced weeds effectively in this study, over many years with no cover, it can increase soil erosion, soil compaction, and nutrient leaching. Our findings show that S. bicolor, P. virgatum, and A. gerardii are superior cover crops for use in rotation with strawberry, and their use may reduce soil deterioration by avoiding tillage.
Effects of short-term treatments and combinations of species mix on pests, soil, and subsequent strawberry growth may influence the benefits and challenges of rotating with cover crops. Further work should investigate the effects of short-term rotations using S. bicolor, P. virgatum, and A. gerardii or their combinations as polyculture in rotation with strawberry. The negative aspects associated with L. perenne as a rotational cover crop should be further clarified. 
